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Neutralization of the anionic sites of cultured rat mesangial cells by
poly-L-lysine. Changes in eicosanoid synthesis are a feature of the
functional response of rat glomerular epithelial cells to neutralization of
the cell surface polyanion. In order to ascertain if this property is
common to other glomerular cell types, we have investigated the effect
of neutralization of the negatively charged sites of cultured rat mesan-
gial cells by poly-L-lysine on prostaglandin E2 (POE2) production.
Addition of poly-L-lysine (10 zg/ml) to the cells stimulated PGE2
synthesis after an initial latency of approximately two minutes, reaching
maximum levels at 60 minutes. Poly-L-lysine also progressively in-
creased cytosolic free calcium ([Ca21,) in fura-2 loaded monolayers
with a similar initial lag time. Poly-L-lysine-evoked POE2 synthesis and
[Ca2] increases were dose dependent and prevented by addition of the
polyanions, heparin and albumin. Additionally, heparin was also capa-
ble of reversing the effect of poly-L-lysine on [Ca2]1. Removal of
extracellular Ca2 prevented the increase of [Ca2]1 and POE2 synthe-
sis. Increased POE2 synthesis following neutralization of mesangial cell
anionic sites may play a role in the hemodynamic dysfunction and
cellular derangements of glomerular inflammation.
Changes in biosynthetic activity represent a prominent fea-
ture of the glomerular cellular response to injury. Glomerular
cells have been found to synthesize a wide spectrum of eicosa-
noids [reviewed in 1]. Production of these compounds is possi-
bly activated by a number of inflammatory factors, that is,
complement factors [2, 3], oxygen radicals [4], opsonized
zymosan [5], interleukin-l [6], platelet activating factor [51,
platelet-derived growth factor [7], as well as other agents
including adriamycin [8] and mercuric chloride [9]. Eicosanoids
are potent autacoids with a number of biologic actions which
may potentially regulate most pathophysiologic events that
follow both immune and non-immune glomerular injury [re-
viewed in 10]. A pathogenetic aspect of glomerular damage is
the alteration of the anionic properties of glomerular cell
surfaces and structures [11]. One of us has recently reported
that rat glomerular epithelial cells react to the neutralization of
the cell surface polyanion by increasing eicosanoid synthesis
[12]. In order to ascertain if this property is common to other
glomerular cell types, we have investigated the effect of altering
the anionic structures of cultured rat mesangial cells upon
prostaglandin (PG) synthesis. As PG synthesis is strictly linked
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Methods
Cultures of rat mesangial cells
Mesangial cells from rat glomeruli were isolated and cultured
with established techniques [13]. Briefly, pure preparations of
glomeruli were obtained by sequential sieving of cortical tissue
from the kidneys of two ether-anesthetized 150 to 200 g Spra-
gue-Dawley rats sacrificed by exanguination. The glomeruli
were then plated onto 35 mm tissue culture dishes (Costar
Europe Ltd., The Netherlands) and cultured for approximately
three weeks at 37°C in a controlled atmosphere of 95% air and
5% CO2 in RPM! 1640 medium supplemented with 17% fetal
calf serum (GIBCO, Grand Island, New York, USA) plus 10 g/
ml ceftriaxone (Roche, Basel, Switzerland) and 5 Wml insulin
(Sigma Chemical Co., St. Louis, Missouri, USA). Trypsiniza-
tion of the primary outgrowths of whole glomeruli after four
weeks in culture yielded mostly (95%) mesangial cells, which
were subsequently passaged every seven to nine days onto
24-well culture dishes. Under phase contrast microscopy the
mesangial cells appeared flat and spindle-shaped. Transmission
electron microscopy showed the presence of extensive myofil-
aments. Cells were used between the second and sixth passage
after characterization according to criteria previously published
by one of us [14].
PGE2 biosynthesis in response to poly-L-lysine
Experiments were performed at 37°C in an atmosphere of
95% air and 5% CO2. PGE2 was measured when cells reached
confluence and formed monolayers. Culture dishes were
washed three times with 1 ml of phosphate buffered saline
(PBS; 8 mivi Na2HPO4, 0.4 mM KH2PO4, 136 mM NaC1, 2.6 mM
KC1, 0.7 mrvt CaCI2 and 0.5 mrt MgCI2, pH 7.4), and then
incubated for the indicated periods in PBS containing poly-L-
lysine hydrobromide (molecular weight 47,000, Sigma, No.
P-2636). At the end of the incubations the buffer was removed,
placed immediately on ice and then stored at —40°C until
assayed for PGE2.
to intracellular free calcium levels ([Ca2]1), we also employed
fluorimetric techniques to establish whether changes of arachi-
donic acid (AA) metabolism result from altered Ca2 homeo-
stasis.
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Radioimmunoassay of prostaglandin E2
PGE2 was measured by previously described radioimmuno-
logic techniques (RIA) [15]. Unextracted samples of incubation
medium were diluted in the standard diluent of the assay (0.02
M P04 buffer, pH 7.4) and assayed in a volume of 1.5 ml at a
final dilution of 1:6 to 1:75. The assay uses 5,000 cpm of
[3H]PGE2 (150 Ci/mmol, New England Nuclear, Boston, Mas-
sachusetts, USA) and guinea pig anti-PGE2 antiserum diluted
1:60,000. The lowest detectable concentration of POE2 that
could be measured with 95% confidence was 1 pg/ml. The
detection limit of the assay was 6 pg/ml. The specificity of the
antiserum employed in our system is described in detail else-
where [151.
In order to test the potential interference of poly-L-lysine and
of the polyanions used with the antigen-antibody reaction in our
RIA system, appropriate blanks were obtained by dissolving
maximal doses of poly-L-lysine (25 tg/ml), fatty acid-free
bovine serum albumin (2 mg/ml, Calbiochem-Behring, La Jolla,
California, USA) and heparin (25 U/ml, Sigma) in the standard
diluent of the assay. All substances did not interfere with the
antigen-antibody reaction when tested over a 1:6 to 1:75 range
of dilutions.
Cells were dissolved in 0.1% sodium dodecyl sulfate (SDS)
and protein content was determined by a modification of the
method of Lowry et at [16]. PGE2 synthesis was expressed as
picograms per microgram of cell protein.
Measurement of [Ca2
To measure [Ca2]1 the cells were grown on 13.5 x 13.5 mm
Aclar coverslips (Allied Engineered Plastics) in 12-well cluster
dishes. One day before the experiment, the growth medium was
replaced with serum-free, but otherwise identical, supple-
mented RPM! 1640. The monolayers were then loaded for 40
minutes by the addition of 1 M fura-2-acetoxymethylesther
(Calbiochem) [17] in serum-free medium at 37°C. After removal
of the dye, the cells were incubated for an additional 20 minutes
at 37°C. The cells were then rinsed with Krebs-Henseleit N-2-
hydroxyethylpiperazine-N '-2-ethanesulfonic acid (HEPES) buffer
(KHH) (140.7 mrt Nat, 5.3 mrs's K, 132.4 mM C1, 0.98 mMP0 115 mx's Ca2 0.R1 mrs's Mn2t 5.5 mM elucose. 20.3 mM
HEPES, pH 7.2) containing 0.2% gelatin (Sigma) and stored
(for up to 3 hours) on ice-cold KHH. Each coverslip was then
inserted vertically into a UV grade quartz cuvette containing 2
ml KHH at 37°C under constant stirring, and fluorescence was
monitored continuously in a Perkin-Elmer LS5 fluorometer
before and after the addition of agonists and/or antagonists,
using 339/500 nm excitation/emission wavelengths. The results
were confirmed employing in an additional group of experi-
ments a University of Pennsylvania Bioinstrumentation Group
fluorometer (Philadelphia, Pennsylvania, USA). Calibration of
the Ca2-dependent fluorescence for each individual monolayer
was obtained, as previously described [18], by adding 40 jtM
ionomycin (maximal fluorescence, Fmax) followed by 7.5 mM
ethyleneglycol-bis-(/3-aminoethylether)N,N'-tetraacetic acid
(EGTA) and 60 mrs's Tris HC1, pH 10,5 (minimal fluorescence,
Fmin). [Ca2]1 was calculated by substituting the respective
fluorescence readings in the equation KtI(F —Fmin/Fmax —F),
employing aKd for fura-2 of 224 flM [17].
Cytotoxicity assays
Cell viability was assessed by: (1) the ability of suspensions
of trypsinized cells preincubated with poly-L-lysine at the
various experimental concentrations to exclude 0.1% Trypan
blue diluted 1: 1 in PBS buffer; (2) measurement of lactate
dehydrogenase (LDH) release from confluenct monolayers of
cells incubated with poly-L-lysine by a spectrophotometric
assay (Boehringer Mannheim GmbH Diagnostica, Mannheim,
FRG). LDH release was expressed as % specific release [(re-
lease of test sample— spontaneous release during time control
incubations/total release during three cycles of freezing/thaw-
ing) X 100].
Statistical analysis
Significance of poly-L-lysine-stimulated PGE2 synthesis was
assessed by unpaired Student's (-test. Results of poly-L-lysine-
induced changes of [Ca2]1 were analyzed by one-way analysis
of variance.
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Fig. 1. Time course of PGE2 synthesis by
cultured rat mesangial cells upon addition of
poly-L-lysine (10 jtg/ml). Each point
represents the mean SEM. Number of
observations in parentheses. The earliest time
point at which PGE2 concentration was
90 significantly higher than control (P < 0.01)
was 2.5 mm.
(19)
(8)
(68) (8) (14)
Pugliese et al: Polyanion and eicosanoid synthesis
0 0.5 1 2.5 5 10 25
PL, sg/m/
Fig. 2. PGE2 synthesis by rat mesangial ce/is after incubation with
increasing doses of poiy-L-iysine (FL). Each bar represents the mean
SEM. Number of observations in parentheses. P < 0.00 I vs. control at
2.5 tgIml and at all higher concentrations.
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Results
Effect of poly-L-iysine on PGE2 synthesis by rat mesangiai
cells
Figure 1 depicts the time course of poly-L-lysine evoked
PGE2 synthesis by rat mesangial cells. The addition of poly-L-
lysine (10 ig/ml) to the cells resulted in increased release of
PGE2, detectable after an initial lag time. The earliest experi-
mental time point at which PGE2 concentration was found to be
significantly higher than control (2.38 1.12 pg/g protein vs.
1.11 0.62; P < 0.01) was 2.5 minutes. Maximal PGE2 levels
were reached after 60 minutes of incubation. Based on this
observation, the cells were incubated with different concentra-
tions of poly-L-lysine for one hour, and the accumulation of
PGE2 in the incubation buffer was determined. As shown in
Figure 2, the biosynthetic response of rat mesangial cells to
poly-L-Iysine was dose-dependent, with a threshold at 2.5 g!
ml and a maximal, nine- to tenfold increase of PGE2 synthesis
observed at 10 g/ml of poly-L-lysine.
Eleven percent of trypsinized mesangial cells were stained by
Trypan blue after a one hour incubation with 2.5 jsg/ml poly-L-
lysine, versus 13% after parallel incubation in control buffer (N
4; P = NS). At 10 minutes even the highest concentrations of
poly-L-lysine had no detectable toxic effects. Cytotoxicity
occurred only after one hour at doses of 5 to 10 rg/ml (43 and
50% of the cells stained, respectively). Similarly, 10 jsg/ml
poly-L-lysine had no significant effects on LDH release at 10
minutes (2.6 2.4% specific release vs. 1.7 0.8% in control
incubations, N = 6), while it enhanced LDH release at 60
minutes (20.2 1.1% vs. control 2.5 0.4%,P< 0.0l,N 3).
Lower concentrations of poly-L-lysine had no significant effects
on LDH release even at 60 minutes (1 tg/ml 3.2 2.1%; 2.5 g/
ml 4.2 2.0%).
In order to examine the ionic interactions between poly-L-
lysine and the mesangial cell surface, the cells were incubated
with poly-L-lysine in the presence of two polyanions, heparin
and native serum albumin. Addition of increasing doses of both
polyanions produced a dose-dependent inhibition of poly-L-
lysine (10 g/ml)-evoked PGE2 synthesis (Figs. 3, 4). A maxi-
Albumin, mg/mi
Fig. 4. Poiy-L-iysine-evoked PGE2 synthesis by rat mesangial cells in
the presence of increasing concentrations of bovine serum albumin.
Each bar represents the mean SD of 4 observations. P < 0.01 vs.
control at all concentrations of albumin.
mal inhibition of PGE2 synthesis of more than 95% was ob-
served in the presence of either 2.5 U/ml of heparin (34 66 pg/
ig protein vs. 0.93 0.26; P < 0.001) or 2 mg/ml of bovine
serum albumin (30.4 4.9 pg/pg protein vs. 1.17 0.45; P <
0.001).
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Fig. 3. Foly-L-iysine (PL)-evoked PGE2 synthesis by rat mesangial
cells in the presence of increasing concentrations of heparin. Each bar
represents the mean SD. Number of observations in parentheses. P <
0.001 vs. control at all concentrations of heparin.
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Fig. S. Calcium dependence ofpoly-L-lysine-evoked PGE2 synthesis
by rat mesangial cells. Bar A: PGE2 synthesis by cells incubated in
Ca2-containing media. Bar B: PGE2 synthesis by cells incubated in
nominally Ca2-free media. Bar C: PGE2 synthesis by cells pretreated
with A23187 and incubated in nominally Ca2-free media. Number of
observations in parentheses. Results are mean SD.
Calcium dependence of poly-L-lysine-stimu!ated PGE2
synthesis
Since numerous lines of evidence suggest that Ca2 may play
a key regulatory role in the sequence of events that lead to
prostaglandin release, we investigated the importance of Ca2
in poly-L-lysine-evoked PGE2 production by rat mesangial
cells. To study the role of extracellular Ca2, the cells were
washed three times and then preincubated for 10 minutes at
37°C in Ca2-free PBS, supplemented with 1 msi EGTA. The
cells were then incubated for additional 30 minutes with poly-
L-lysine (10 tgIml) in nominally Ca2tfree, EGTA-supple-
mented PBS, and their PGE2 synthesis was compared to that of
cells incubated in Ca2-containing buffer. The role of [Ca2]
was examined by preincubating the cells for two minutes with
0.4 M ionophore A23187 in Ca2-free PBS. This maneuver has
been used to deplete intracellular Ca2 stores in neutrophils
[19]. The ionophore was then removed and the cells were
incubated for 30 minutes with poly-L-lysine (10 sgJml) in
nominally Ca2-free PBS. As shown in Figure 5, removal of
extracellular Ca2 or [Ca2]1 depletion almost totally sup-
pressed the increment of PGE2 synthesis promoted by poly-L-
lysine.
Effect ofpoly-L-lysine on [Ca2J1
In order to better define the role of Ca2 as a mediator of the
effect of poly-L-lysine on PGE2 synthesis by rat mesangial
cells, we examined the behavior of [Ca2] in response to this
polycation. Addition of poly-L-lysine to fura-2 loaded mono-
layers resulted in a slow and progressive elevation of [Ca2111.
Similar to the prostaglandin experiments, an initial latency of
one to two minutes was constantly observed before a rise of
[Ca2I could be detected (Fig. 6A). [Ca2]1 progressively
increased, reaching a plateau within three to four minutes and
remaining elevated for at least 10 minutes thereafter. [Ca2]
responses were dose-dependent, with a lowest effective dose of
2.5 g/ml of poly-L-lysine (Table 1).
To address the question of whether the increase of [Ca2J
observed with poly-L-lysine was dependent upon entry of
calcium from the extracellular milieu, extracellular Ca2 was
reduced to less than 100 n by the addition of 3 m EGTA 30
seconds before the addition of poly-L-lysine (Fig. 6B). This
maneuver resulted in a rapid decrease of [Ca2J, and completely
abolished the [Ca2] increase in response to poly-L-lysine for
more than 10 minutes. Similar results were obtained when 0.1
mM lanthanum chloride, a putative blocker of both receptor-
and voltage-operated Ca2 channels, was added immediately
before {Ca2]1 stimulation with poly-L-lysine (Fig. 6B).
In order to study the nature of the binding of poly-L-ly sine to
the surface of mesangial cells, fura-2 loaded monolayers were
preincubated for three to five minutes with heparin (5 U/mI),
before poly-L-lysine was added under continuous monitoring of
[Ca2i1 (Fig. 7). Heparin did not have any effect on [Ca2]1 by
itself, but completely prevented the poly-L-lysine-induced
[Ca2i elevation. As shown in Figure 8, the addition of heparin
during the plateau phase of [Ca2]1 increase was also capable of
reversing the effect of poly-L-lysine. Both poly-L-lysine and
heparin treatment did not alter the [Ca2] response to arginine
vasopressin, a well known stimulus of [Ca2], via a receptor-
mediated mechanism [20].
Discussion
Our study provides some insight into the effects of poly-L-
lysine on prostaglandin synthesis by cultured rat mesangial
cells. Time- and dose-dependent PGE2 stimulation seems to be
linked to enhanced Ca2 influx into the cell, and the interaction
of poly-L-lysine with the cells is at the level of surface charges,
in that the stimulatory effect on both PGE2 synthesis and
[Ca2] is prevented by the presence of two polyanions, heparin
and albumin.
Poly-L-lysine and other polycations have been found to
stimulate prostaglandin production in cultures of rat glomerular
epithelial cells [12] and in cultures of Swiss 3T3 mouse fibro-
blasts [21]. It has been suggested that the stimulatory effect of
polycations is mediated by increased endogenous levels of AA,
presumably through the activation of a phospholipase. This
process has been shown to be Ca2-dependent [21], even
though [Ca2]1 was not directly measured in the early studies in
3T3 fibroblasts. Our results show that rat mesangial cells share
with the above-mentioned cell types the property to react to
poly-L-lysine by increasing prostaglandin synthesis, and pro-
vide direct evidence for a role of Ca2 as modulator of the
enhanced biosynthetic activity. Both time kinetics and thresh-
old for PGE2 synthesis and [Ca2] stimulation are virtually
identical, suggesting a tight link between the two phenomena.
The increase of [Ca2]1 could be theoretically accounted for by
enhanced extracellular Ca2 influx into the cell [22], and/or
Ca2 mobilization from internal stores [23]. The failure of
poly-L-lysine to raise [Ca2] when the extracellular Ca2
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Table 1. Poly-L-lysine stimulated dose-dependent increase of
cytosolic free calcium in fura-2 loaded monolayers of cultured rat
mesangial cells
Concentration N
Cytosolic Ca2
flM
Basal 26 108 11.3
Poly-L-lysine
10 j.gIml 12 389 37.8
5 i.g/m1 6 269 56.3
2.5 jxglml 8 155 14.7
Values are mean saM; N = number of observations. Effect of
poly-L-lysine was significant at P < 0.01.
concentration is reduced to less than 100 n points to the
former possibility, although the reversed, outward Ca2 gradi-
ent in this setting may favor Ca2 extrusion by membrane
pumps, thereby masking a possible intracellular release. We
cannot also exclude an activation of the (poly)phosphoinositide
metabolism by poly-L-lysine, leading to an increased concen-
821
125 Fig. 6. Continuous fluorescence monitoring of
[Ca2]1 levels in monolayers of rat mesangial cells
loaded with fura-2, representative experiments. Poly-
L-lysine is added at time 0 in
— Krebs-Henseleit-HEPES buffer with 1.25 mrvi Ca2
(A) or with 3 m EGTA to chelate extracellular
Ca2 or 0.1 m lanthanum chloride to block Ca2
channels (B).
tration of inositol trisphosphate or phosphatidic acid in the
plasma membrane, which in turn may mediate internal Ca2
release and/or entry [22—241. However, inhibition of the Ca2
rise by lanthanum chloride, a non-selective blocker of mem-
brane divalent ion channels, argues against a major intracellular
source of enhanced [Ca2]1. These latter experiments also
provide indirect evidence for a specific mechanism of extracel-
lular Ca2 entry, rather than a possible cytotoxic effect, which
is not supported by the studies of cell viability at low concen-
trations of the agent and short incubation times. Against the
hypothesis of cell injury is also the finding that heparin or
albumin can readily block the effects of poly-L-lysine on [Ca2]1
and PGE2 synthesis, respectively, suggesting dependency on a
reversible interaction between the polycation and cell surface
structures. However, a slow rise of [Ca2] through a "leaky"
cell membrane may be a more sensitive marker of early stages
of cell damage than vital staining or enzyme leakage. If this is
the case, increased [Ca2 may be simply the result of primary
injury to the plasma membrane or play a direct, causative role
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Fig. 7. Effect of 3 mm preincubation of fura-2
loaded monolayers of rat mesangial cells with
heparin on poly-L-lysine-stimulated [Ca2]1,
representative experiment.
Fig. 8. Reversal by heparin of poly-L-lysine-
induced elevation of[Ca2]1 in fura-2 loaded
monolayers of rat mesangial cells,
representative experiment.
in later cell toxicity [25]. Prostaglandin release could therefore
be interpreted as a marker of cell damage, which is of interest in
view of enhanced prostaglandin synthesis in certain forms of
glomerulonephritis [101.
Mesangial cells display surface anionic charges and secrete
abundant polyanionic matrix components, which are thought to
play a role in the sieving function of the mesangium in vivo, and
contribute to plasma ultrafiltration [261. A loss of anionic sites
at the ultrafiltration barrier is thought to result in increased
glomerular permeability to plasma proteins in glomerulonephri-
tis. Neutralization of anionic sites by a locally produced poly-
cation is one of the modes by which glomerular polyanions can
be altered. In vivo, a wide variety of biologically active cationic
proteins may be released from platelets, binding to glomerular
polyanions by electrostatic interaction during glomerular dis-
ease [reviewed in 27]. Indeed, it has been reported that platelet
factor 4, a cationic platelet-derived protein, binds strongly to
anionic structures of the glomerular capillary wall and mesan-
gial cells in sections of human and rat renal cortex [281. Changes
in glomerular synthesis of eicosanoids as well as functional and
structural alterations of the glomerulus, including increased
glomerular blood flow, mesangial cell proliferation and glomer-
ulosclerosis, are prominent features of some experimental and
clinical glomerular disease, that is, glomerulonephritis [10],
subtotal renal ablation in the rat [29, 30] and diabetic nephrop-
athy [31, 32]. In these settings, the mechanism(s) underlying
mesangial abnormalities and the cellular source of increased
eicosanoid synthesis are poorly understood. Our results suggest
that ionic interactions between biologically active cationic
proteins and mesangial cell surface negative charges may be a
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pathophysiologic mechanism in some forms of glomerular dis-
ease, contributing to functional and structural derangements
through altered eicosanoid biosynthesis.
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